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[1] We have established the average shape and location ofMercury’s magnetopause and bow
shock from orbital observations by the MESSENGER Magnetometer. We ﬁt empirical
models to midpoints of boundary crossings and probability density maps of the magnetopause
and bow shock positions. The magnetopause was ﬁt by a surface for which the position R
from the planetary dipole varies as [1+ cos(θ)]a, where θ is the angle between R and the
dipole-Sun line, the subsolar standoff distance Rss is 1.45 RM (where RM is Mercury’s radius),
and the ﬂaring parameter a =0.5. The average magnetopause shape and location were
determined under a mean solar wind ram pressure PRam of 14.3 nPa. The best ﬁt bow shock
shape established under an average Alfvén Mach number (MA) of 6.6 is described by a
hyperboloid having Rss = 1.96 RM and an eccentricity of 1.02. These boundaries move asPRam
and MA vary, but their shapes remain unchanged. The magnetopause Rss varies from 1.55 to
1.35RM for PRam in the range of 8.8–21.6 nPa. The bow shockRss varies from 2.29 to 1.89 RM
for MA in the range of 4.12–11.8. The boundaries are well approximated by ﬁgures of
revolution. Additional quantiﬁable effects of the interplanetary magnetic ﬁeld are masked by
the large dynamic variability of these boundaries. The magnetotail surface is nearly
cylindrical, with a radius of ~2.7 RM at a distance of 3 RM downstream of Mercury. By
comparison, Earth’s magnetotail ﬂaring continues until a downstream distance of ~10 Rss.
Citation: Winslow, R. M., B. J. Anderson, C. L. Johnson, J. A. Slavin, H. Korth, M. E. Purucker, D. N. Baker,
and S. C. Solomon (2013), Mercury’s magnetopause and bow shock from MESSENGER Magnetometer observations,
J. Geophys. Res. Space Physics, 118, 2213–2227, doi:10.1002/jgra.50237.
1. Introduction
[2] The boundaries of Mercury’s magnetosphere reﬂect
fundamental processes of the solar wind interaction with
the planet’s dipolar magnetic ﬁeld [Russell et al., 1988;
Slavin, 2004]. These boundaries are the bow shock, across
which the solar wind is compressed and deﬂected around
Mercury, and the magnetopause, which is the current layer
separating the shocked solar wind plasma and interplanetary
magnetic ﬁeld (IMF) from the planetary magnetic ﬁeld. The
bow shock is a fast magnetosonic shock wave that “stands”
in the solar wind while diverting the solar wind around the
planet’s magnetospheric cavity [Spreiter et al., 1966]. The
bow shock changes shape and stands closer or farther from
the planet in response to variations in solar wind Mach
number and, to a lesser extent, IMF direction [Spreiter
et al., 1966; Slavin and Holzer, 1981; Peredo et al., 1995].
The magnetopause location and shape are determined princi-
pally by the pressure exerted on the magnetopause by the
shocked solar wind plasma, which scales with the solar wind
ram pressure, balanced by the planetary magnetic ﬁeld
[Spreiter et al., 1966; Farris and Russell, 1994]. Accord-
ingly, the dynamic pressure of the solar wind and the mag-
netic pressure of the magnetosphere are the dominant
factors determining the location and shape of the
magnetopause.
[3] Because the distribution of magnetic ﬂux within a
magnetosphere is determined both by the intrinsic planetary
ﬁeld and the external currents, magnetic reconnection, which
drives some of these external currents, also affects magneto-
pause shape and position. Most important among these
reconnection-driven effects are the inward “erosion” of the
dayside magnetopause to lower altitudes by transfer of
magnetic ﬂux to the tail [Holzer and Slavin, 1978] and the
outward “ﬂaring” of the nightside magnetopause as the
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magnetotail is loaded with magnetic ﬂux [Caan et al., 1973].
These expansions and contractions of the dayside and
nightside magnetosphere take place on time scales compara-
ble to the Dungey cycle that governs the circulation of
magnetic ﬂux and plasma within the magnetospheres of
Earth-like planets. The characteristic time scale of the
Dungey cycle is ~1 h at Earth and ~2min at Mercury [Slavin
et al., 2009].
[4] It has been suggested that reconnection may have
a greater effect on magnetopause location at Mercury than
at Earth [Slavin and Holzer, 1979]. This prediction has
been supported by the extreme loading and unloading of
Mercury’s magnetotail observed during the third ﬂyby of
Mercury by the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft
[Slavin et al., 2010, 2012a]. Further, it has also been
predicted that magnetic ﬁelds associated with induction
currents in Mercury’s interior may act to oppose and limit
the solar wind’s ability to compress or expand the extent
of the dayside magnetosphere [Seuss and Goldstein, 1979;
Goldstein et al., 1981; Grosser et al., 2004; Glassmeier
et al., 2007]. Mercury has an internally generated, axially
aligned dipolar magnetic ﬁeld with a moment of 190–195
nT RM
3 (where RM is Mercury’s mean radius, 2440 km)
that is offset northward from the geographic equator by
0.2 RM [Anderson et al., 2011, 2012; Johnson et al., 2012].
The combination of a weak dipole moment, the absence of
a conducting ionosphere (i.e., no magnetosphere-ionosphere
coupling), and the predominantly quasiparallel subsolar
shock conditions (due to the small Parker spiral angle at
Mercury’s orbit) distinguish Mercury from other planets in
our solar system that possess magnetic ﬁelds.
[5] The Earth’s bow shock has been studied extensively
both observationally and theoretically [e.g., Peredo et al.,
1995]. It is a highly dynamic boundary, controlled by temporal
variations in solar wind characteristics. The general shape of
the shock has been investigated with empirical models [e.g.,
Fairﬁeld, 1971; Slavin and Holzer, 1981], gas dynamic ﬂow
models [e.g., Slavin et al., 1983a; Verigin et al., 2003a], and
magnetohydrodynamic models [e.g., Chapman and Cairns,
2003] and is well described by a conic section. Formisano
et al. [1971] found that the subsolar bow shock position moves
outward during conditions of low Alfvén Mach number (MA).
Peredo et al. [1995] conﬁrmed that MA primarily controls
the bow shock shape, but in contrast to the ﬁndings of the
earlier study [Formisano et al., 1971], they observed that the
subsolar shock moves earthward and the ﬂanks ﬂare outward
during times of low MA.
[6] The average shape of the terrestrial magnetopause
has been described with several empirical models [e.g.,
Shue et al., 1997; Boardsen et al., 2000; Lin et al., 2010]
and magnetohydrodynamic models [Lu et al., 2011]. The
dynamic pressure of the solar wind affects the size of
the magnetospheric cavity as well as the shape of the magne-
topause. The subsolar magnetopause standoff distance is
observed to decrease with increased dynamic pressure
[Sibeck et al., 1991; Fairﬁeld, 1995], and the boundary
shape is observed to ﬂare with increased pressure [Shue
et al., 1997]. Reconnection-related effects can also inﬂuence
the dayside magnetopause location and the ﬂaring of the tail.
On the dayside, a southward IMF component will facilitate
reconnection at low latitudes, which can erode the
magnetopause near the subsolar point and ﬂare the
magnetopause on the nightside by adding ﬂux to the tail.
The magnetopause has been observed to move planetward
by as much as 1–2 RE (where RE is Earth’s radius) due to
the erosion of the boundary under southward IMF [Coroniti
and Kennel, 1972; Holzer and Slavin, 1978; Sibeck et al.,
1991]. However, a statistical study of these effects at
Mercury with a large database of magnetopause crossings,
such as the one reported here, would require knowledge
of IMF direction on time scales of 1min or less because of
the very short Dungey cycle time at Mercury. The lack of
an upstream monitor therefore limits the scope of our
investigation with respect to the effects of reconnection on
magnetopause position.
[7] The solar wind and IMF play major roles in inﬂuenc-
ing the bow shock and magnetopause, and those roles must
be understood quantitatively in order to model the internal
magnetic ﬁeld, the magnetosphere–solar wind interaction,
and the access of solar wind and magnetospheric charged
particles to the planetary surface. At Mercury the solar
wind density is approximately an order of magnitude
higher and the IMF magnitude a factor of ~5 higher than
at Earth [Korth et al., 2010], whereas the planetary mag-
netic moment is only 0.06% of Earth’s. Mercury’s orbit is
eccentric, so the planet is subjected to different solar wind
conditions at perihelion and aphelion. Mercury’s magneto-
pause and bow shock have been studied from limited data
obtained during ﬂybys by the Mariner 10 [Russell, 1977]
and MESSENGER spacecraft [Slavin et al., 2009]. Russell
[1977] ﬁt shape models to both the magnetopause and bow
shock with data from the two Mariner 10 ﬂybys, and Slavin
et al. [2009] updated these boundary shapes with
MESSENGER ﬂyby data. Slavin et al. [2009] also looked
at the boundary crossings during northward IMF from data
taken during the ﬁrst MESSENGER ﬂyby. However, even
the combined Mariner 10 and MESSENGER ﬂyby data
set comprised only six pairs of bow shock and magneto-
pause crossing points.
[8] In this paper, we present analyses of Mercury’s bow
shock and magnetopause shape obtained from orbital
magnetic ﬁeld observations by the MESSENGER space-
craft over a span of 3 Mercury years under a variety of
IMF and solar wind conditions. The objective of this study
is to characterize the underlying shapes of both the magne-
topause and bow shock and, insofar as the data permit, to
assess how these shapes are affected by the solar wind
and IMF. We have analyzed the observations in two ways.
First, from the locations of the inner and outer magneto-
pause and bow shock crossings, we deﬁned a mean cross-
ing point and we found the average boundary shape from
the ensemble of crossing points. In the second method,
the probability of spacecraft residence within the range of
magnetopause or bow shock crossings on each pass has
been used to build a probability density map of the two
boundaries. In section 2, we describe the magnetic ﬁeld
observations and how the boundaries were identiﬁed. In
section 3, we establish the general shape of both the
magnetopause and the bow shock from the mean locations
(section 3.1) and the probability densities (section 3.2).
In section 4, we assess how the boundaries respond to solar
wind forcing, and the results and conclusions are given in
sections 5 and 6, respectively.
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2. Magnetic Field Observations: Boundary
Identiﬁcations
[9] The MESSENGER spacecraft was inserted into orbit
about Mercury on 18 March 2011. The initial orbit had a
200 km periapsis altitude, 82.5 inclination, 15,300 km
apoapsis altitude, and 12 h period. During each orbit,
MESSENGER typically spent 1–2 h inside the magneto-
sphere; the rest of the time was spent in the magnetosheath
and in the interplanetary medium. For this study, we used
3 Mercury years of MESSENGER Magnetometer (MAG)
[Anderson et al., 2007] data starting on 23 March 2011
and extending through 19 December 2011, providing
repeated coverage at all local times. To conserve data
volume during this period, MAG operated at variable sample
rates, with high-rate (20 samples/s) data collection primarily in
effect during transits of the magnetosphere. Sample rates in the
interplanetary medium were at least as high as 2 samples/s or
higher and a channel to record ﬂuctuations at 1–10Hz oper-
ated continuously to provide an uninterrupted measure of the
ﬁeld variability.
[10] Magnetic ﬁeld data were analyzed in Mercury
solar orbital (MSO) coordinates. In MSO coordinates, XMSO
is positive sunward, ZMSO is positive northward, YMSO is
positive duskward and completes the right-handed system,
and the origin is at the center of the planet. To analyze
boundary locations the spacecraft positions were translated
into a system centered on the planetary dipole [Anderson
et al., 2012]. The vector components of the magnetic ﬁeld
in the planet-centered and dipole-centered systems are
identical. Because the bow shock and magnetopause are
ordered by the solar wind ﬂow in the frame of Mercury’s
orbital motion, the spacecraft position data were transformed
into an aberrated system such that the +X direction is antipar-
allel to the solar wind velocity relative to Mercury. The
average aberration angle at Mercury is about 7 toward
dawn. However, because of Mercury’s variation in orbital
speed between perihelion and aphelion, as well as variability
in the solar wind speed, the aberration angle varied by a
factor of about 3, from 3.5 to 10.2, during the period of
our study. The aberration correction for both the magneto-
pause and the bow shock crossings was calculated from
the planet’s instantaneous orbital speed together with
predictions of solar wind speed obtained from the ENLIL
heliospheric model [Odstrcil, 2003] within 4 min of the
times of the boundary crossings. Because the Fast Imaging
Plasma Spectrometer (FIPS) on MESSENGER does not
typically see the solar wind, we do not have in situ estimates
of solar wind properties, so we use ENLIL model predic-
tions of solar wind parameters in this study. Use of model
predictions for the solar wind parameters introduces some
level of uncertainty into the normalized boundary shapes
derived in section 4 of the paper, with the highest uncer-
tainty most likely introduced for the cases of extreme events,
when the solar wind pressure is predicted to be highest.
Benchmarking of the ENLIL model at Mercury has been
initiated [Gershman et al., 2012; Baker et al., 2013];
however, the long-time-scale (>44 day) variations in the
model outputs that are modulated by Mercury’s orbital
distances from the Sun are persistent over the 3 Mercury
years of data analyzed here. Our aim here is not to use
ENLIL for event studies but to capture the average annual
variation in the solar wind ram pressure and density and
use these variations to correct our average boundary shapes.
[11] The IMF magnitude assigned to each crossing was
evaluated as a 1 h average of MAG data upstream of the
outermost bow shock encounter. The Alfvén Mach number
MA ¼ vsw½BIMF=ðm0rÞ0:5, where vsw is the solar wind speed, BIMF
is the magnetic ﬁeld magnitude in the IMF, m0 is the mag-
netic permeability of free space, and r is the solar wind
plasma density, was calculated using IMF values that were
estimated from the 1 h IMF averages and ENLIL model-
generated solar wind speed and density. We have shown
previously that the 1 h IMF averages are suitable for
determining the IMF BX direction, which is the dominant
IMF component at Mercury, but they are not suitable for
establishing the IMF BY and BZ directions, which vary on
time scales less than 1 h [Winslow et al., 2012]. The magni-
tude of the IMF is dominated by the BX component and is
thus also steady on the 1 h time scale, i.e., the average dura-
tion of a transit of the magnetosphere by the MESSENGER
spacecraft. The resolution of these measurements is suitable
for investigating the effect of solar wind pressure and Alfvén
Mach number on magnetopause and bow shock positions,
but not the reconnection-driven effects that depend on IMF
orientation and take place on time scales of 1 min to a few
minutes [Slavin et al., 2009, 2010].
[12] Magnetopause and bow shock crossings were identi-
ﬁed on every orbit, both before and after the magnetospheric
transit and denoted as the inbound and outbound crossings,
respectively. On almost every orbit, multiple crossings of
each boundary were observed as a result of motion of the
boundary relative to the spacecraft. Although the repeated
crossings were often difﬁcult to distinguish individually,
the ﬁrst and last boundary encounters were readily identi-
ﬁed. Thus, rather than attempt uncertain identiﬁcations of
every boundary crossing within each passage through the
boundary region, we identiﬁed the times of the innermost
and outermost crossing on each pass for the bow shock
and magnetopause. Our approach has the added beneﬁt
that each pass corresponds to an independent sample of
external IMF and solar wind conditions, whereas statistical
analyses that count every crossing equally in passes with
multiple crossings will overweight such passes. We aim to
provide demarcations for the inner and outer limits of the
boundaries, within and outside of which the spacecraft was
clearly located in the magnetosphere, magnetosheath, or
interplanetary medium. Wave characteristics (including
foreshock waves, nonlinear quasiparallel shock phenomena,
and magnetopause boundary waves) are beyond the scope of
this paper.
[13] All boundary crossings were picked by visual inspec-
tion with the following criteria. For the bow shock, the
inbound outer limit was identiﬁed as the time at which the
ﬁrst sharp increase in the magnitude |B| of the magnetic ﬁeld
was observed. The inner limit was identiﬁed as the time of
the last sharp increase in |B|. These criteria worked well
when the IMF was oriented somewhat oblique to the
planet-Sun line, that is, for quasi-perpendicular shock condi-
tions. A perpendicular shock forms when the shock-normal
direction is perpendicular to the IMF direction, whereas a
parallel shock occurs when the shock normal is parallel or
antiparallel to the IMF. For near-parallel shock conditions,
WINSLOW ET AL.: MERCURY’S MAGNETOPAUSE AND BOW SHOCK
2215
there was often little or no increase in |B|, but the bow shock
boundary was marked by the onset of large variability in |B|.
Sometimes these modulations grew gradually, in which case
we chose the outermost excursions in |B| that were distinctly
larger than the upstream variability. The outbound bow
shock was picked in a similar fashion, that is, a sharp
decrease in the ﬁeld magnitude marked the boundary.
[14] For the magnetopause, the crossings were most
readily identiﬁed when the shear angle between the direction
of the magnetic ﬁeld in the magnetosphere and that in the
magnetosheath was larger than about 45, because the ﬁeld
rotation is a direct signature of the magnetopause current
layer. On the dayside and on the ﬂanks, the shear is typically
in BY and BZ, whereas on the nightside the shear is mostly in
BX. The inner boundary was identiﬁed by the innermost
substantial rotation away from the magnetospheric ﬁeld
direction and the outer boundary by the outermost rotation
toward the ambient magnetospheric ﬁeld direction, exclud-
ing the background magnetosheath variability. In many
cases, however, the ﬁeld direction in the magnetosheath
was the same as (or close to) that inside the magnetosphere.
For example, the magnetic shear can be low at low dayside
latitudes when the IMF is northward and on the nightside
when the IMF is antisunward such that the southern lobe
ﬁeld is parallel to the draped magnetosheath ﬁeld. In such
cases, although the local magnetic shear is low, there were
other signatures in the magnetic ﬁeld that indicated transi-
tions between magnetosheath and magnetosphere regimes.
These signatures include an increase in magnetic ﬂuctua-
tions in the magnetopause layer (documented from Earth’s
magnetopause) [Fuselier et al., 1995, 1997] and a change
in the character of the low-frequency ﬂuctuations on the
magnetosheath side of the boundary. The higher-frequency
magnetic ﬂuctuations are recorded by the 1–10Hz ﬂuctua-
tion channel (or BAC), which provides an average amplitude
of the 1–10Hz band-pass-ﬁltered ﬁeld. In addition, on the
dayside the inner magnetopause boundary is also often
indicated by either a stepwise increase in |B| or the onset
of an inward gradient in |B| on the magnetosphere side of
the boundary. However, these signatures were not always
sharp, and in some cases it was difﬁcult to identify the
magnetopause boundary. Boundary crossing choices were
made conservatively such that the inner edge was deﬁnitely
inside the magnetosphere and the outer edge was deﬁnitely
in the magnetosheath. Using plasma measurements from
FIPS to identify the boundary crossings is beyond the scope
of this paper and would require careful accounting of the
FIPS look direction, since its ﬁeld of view is ~1.4p sr.
Several dozen comparisons show excellent correspondence
between the boundaries identiﬁed from MAG observations
and abrupt changes in FIPS proton count rates.
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Figure 1. (a) MESSENGER Magnetometer data for the ﬁrst magnetospheric transit on 12 October 2011
(orbit 418). Left axes give the scales for BX (red), BY (light green), BZ (blue), and |B| and |B| (black); the
right axis is the scale for BAC (dark green). Vertical lines denote the crossing times of the inner and outer
edges of the bow shock (dashed) and magnetopause (dot-dashed). (b) Close-up view of the inbound
portion of the orbit. (c) Close-up view of the outbound portion of the orbit.
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[15] Data from the ﬁrst magnetospheric transit on
12 October 2011 (orbit 418) are shown in Figure 1 together
with expanded views of the inbound and outbound boundary
passages. In this case, the shock conditions were oblique
(perpendicular shock geometry), and there was high mag-
netic shear across the magnetopause on both the inbound
and outbound crossings. The spacecraft entered the
magnetosphere from the dayside and exited on the night-
side. The spacecraft ﬁrst grazed the shock at 3:43:59 Coordi-
nated Universal Time (UTC) before passing through it at
3:45:29 UTC. On this transit, the shock was also marked
by an increase in high-frequency ﬂuctuations, BAC, although
most of the ﬂuctuations before the shock crossing are attrib-
uted to foreshock waves. The spacecraft then traveled
through the magnetosheath and encountered the high-
shear magnetopause on the dawn side, marked by a rotation
in BZ and BY and an increase in BAC shortly before
the magnetopause boundary. On the outbound portion of
the orbit, the spacecraft ﬁrst encountered the magnetopause
at 5:19:56 UTC and was ﬁnally in the magnetosheath at
5:25:05 UTC. The rotation in the magnetic ﬁeld is evident
in BX as the spacecraft exited the magnetosphere from the
southern tail lobe and was also associated with a rise in
BAC. The spacecraft then crossed the bow shock twice on
its path back into the interplanetary medium.
[16] Often the boundaries were less clear, and Figure 2
shows data from the ﬁrst magnetospheric transit on
5 July 2011 (orbit 218) with such crossings. On this orbit,
the shock was quasiparallel on the dayside, which caused
the large modulations in |B| near the bow shock
crossing. The magnetic ﬁeld inside the magnetosheath was
highly variable, with large, quasiperiodic rotations in BY
and BZ up to the magnetopause. The magnetic shear across
the magnetopause was low, so the decrease in BAC and the
increase in the total ﬁeld magnitude were taken to indicate
the magnetopause crossing. On the outbound part of
the orbit, the magnetic shear was again low across the
magnetopause, with slight rotations visible in BY and BX,
but the crossing was indicated by an increase in BAC. The
ﬁeld magnitude decreased as the spacecraft crossed the
magnetopause but increased inside the magnetosheath until
it reached the oblique bow shock boundary and decreased
abruptly at 7:45:54 UTC.
[17] The times of the inner and outer edges of the recorded
magnetopause and bow shock crossings for all the data
presented in this study are given in Table S1 in the
supporting information. There are 1065 magnetopause and
1084 bow shock crossings altogether in our data set. The number
of bow shock crossings exceeds the number of magnetopause
crossings because the Magnetometer was switched off to
conserve power for parts of 19 orbits during MESSENGER’s
ﬁrst long-eclipse season in orbit around Mercury. On these
orbits, both the inbound and outbound bow shock crossings
were recorded, but typically only the inbound (and not the
outbound) magnetopause crossings were observed.
3. Average Boundary Shapes
[18] The ﬁrst step in analyzing the crossing data was to
determine the best boundary shapes for all crossings together,
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Figure 2. (a-c) MESSENGER Magnetometer data for the ﬁrst magnetospheric transit on 5 July 2011,
orbit 218, in the same format as in Figure 1.
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effectively averaging over IMF and solar wind conditions.
This averaging was accomplished by ﬁtting empirical
models to the magnetopause and bow shock crossing loca-
tions. The boundary locations were speciﬁed with two differ-
ent techniques. First, we used the mean locations of the
boundaries and ﬁt empirical shapes to these directly.
Second, we used a probabilistic measure of residence within
the boundary regions to identify the locations of maximum
residence probability. Empirical shapes were then ﬁt to these
probability density maps, with the established probabilities
used as weights in the ﬁtting. In the analysis that follows,
all positions are in aberrated coordinates (X, Y, Z), where
X and Y are the aberrated XMSO and YMSO coordinates,
respectively, and Z=ZMSO. In addition, we have assumed
that the boundaries are ﬁgures of revolution about the line
through the dipole center that parallels the X axis; the validity
of this assumption is quantitatively tested and conﬁrmed in
section 5. The northward offset of the planetary dipole is
included in the deﬁnition of the distance from the axis of
revolution, given by r ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Y 2 þ ðZ  ZdÞ2
q
, where Zd =
0.196 RM [Anderson et al., 2011, 2012; Johnson et al., 2012].
3.1. Midpoint Fits
[19] In the ﬁrst approach to determining boundary loca-
tions, model curves were ﬁt to the average crossing points,
that is, the midpoint between the inner and outer edge of
the boundary location on each pass. The inner and outer
limits of the boundaries were assigned as the uncertainty
range. This method allows direct comparison of our results
with approaches that have been used historically to determine
boundary shapes [e.g., Shue et al., 1997, Slavin et al., 2009].
3.1.1. Magnetopause
[20] For the magnetopause, we used a paraboloid conic
section [Belenkaya et al., 2005; Alexeev et al., 2010] as well
as the model shape proposed by Shue et al. [1997] to ﬁt our
crossings. Figure 3 shows the midpoints of the magneto-
pause crossings from the 3 Mercury years of data analyzed
in this study. To establish a time-averaged magnetopause
shape from the crossing points, we modeled them in r-X
space. In our boundary ﬁts, we used a grid search method
that minimized the root mean square (RMS) residual of
the perpendicular distance of the observed midpoints from
the model boundary.
[21] The paraboloid ﬁt is motivated by the magnetospheric
model of Alexeev et al. [2010], which was derived with a
parabolic parameterization of magnetopause shape. Past
studies of the magnetopause shapes around other planets
have also involved ﬁts to conic sections [e.g., Russell,
1977]. The paraboloid model shape is described by
X rð Þ ¼  g
2 þ 1
4RSS
 
r2 þ Rss (1)
where g is a ﬂaring parameter and Rss is the subsolar magne-
topause distance [Belenkaya et al., 2005]. Any value of g> 1
is physically unreasonable, because it gives a subsolar
standoff distance that is not the minimum distance between
the magnetopause and the planet. Setting g= 1, we ﬁnd
Rss = 1.25 RM as the best ﬁt paraboloid. This model does
not provide a good visual ﬁt, however, to data either on
the dayside or in the distant tail region. Relaxing the con-
straint of g> 1 gives a better ﬁt to the crossings on the
nightside, but the resulting model still does not ﬁt the day-
side points. We ﬁnd that the paraboloid model represents
the dayside magnetopause shape best when we exclude
the tail crossings, yielding Rss = 1.5 RM and g = 1 (Figure 3).
[22] We also ﬁt the magnetopause crossings with the
functional form proposed by Shue et al. [1997] (hereafter
referred to as the Shue et al. model) and given by
R ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X 2 þ r2
p
¼ Rss 21þ cosθ
 a
(2)
where R is the distance from the dipole center, θ ¼
tan1 rX
 
, and a is another ﬂaring parameter that governs
whether the magnetotail is closed (a< 0.5) or open (a ≥ 0.5).
This model has been used successfully to model the Earth’s
magnetopause [Shue et al., 1997, 2000] as well as the
magnetopause of other planets, such as Saturn [Arridge
et al., 2006]. The Shue et al. model that best ﬁts our
midpoint magnetopause crossings yields parameter values
of Rss = 1.45 RM and a= 0.5 (shown in Figure 3). As can
be seen from Figure 3, the Shue et al. model provides a
better representation of the magnetopause crossings than
the paraboloid model. Even for the Shue et al. model, the
best ﬁt parameters are not tightly constrained, as similar
RMS values are achieved over a range of values for Rss
and a (Figure 4). This behavior is in part because of a
trade-off between the Rss and a parameters, imposed by the
observation geometry, and in part because of the spread in
the magnetopause crossing positions most likely caused by
dynamics of variable solar wind and IMF conditions. To
better constrain our best ﬁt parameters, we conducted
analyses of the residuals (the perpendicular distance of our
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Figure 3. Midpoints between the inner and outer magneto-
pause crossing positions identiﬁed fromMESSENGERMagne-
tometer data from 23 March 2011 through 19 December 2011.
Error bars show the distance between the inner and outer
crossing. Curves show the best-ﬁt paraboloid (blue) to the day-
side crossings and the best-ﬁt Shue et al. model (red), as well
as models from previous studies by Slavin et al. [2009] (green)
and Russell [1977] (yellow). The paraboloid has parameters
given by Rss = 1.5 RM and g=1, whereas the Shue et al. model
is given by Rss = 1.45 RM and a =0.5.
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crossings from the model boundary) for a range of models
with Rss-a parameter pairs from the minimum misﬁt region
in Figure 4. We ﬁnd that as we depart from the best ﬁt
parameters on either side of the misﬁt well, the residuals
have distributions with a nonzero mean and are not
Gaussian. Thus, even though the RMS misﬁt is not very
different from the absolute minimum value in the minimum
misﬁt region, the models generated by the parameter pairs in
that region describe the data less well than our best ﬁt model.
In addition, models have residuals that vary systematically
with XMSO. This situation can be visualized by taking, for
example, a model curve lying within the minimum misﬁt
region with Rss = 1.25 RM and a = 0.6. Such a boundary
yields residuals that are systematically positive on the
dayside (i.e., the boundary is too close to the planet relative
to the observations) and are systematically negative on the
nightside (i.e., the boundary is too ﬂared and farther from
the planet on average than the data). On the other hand,
the residuals of the best ﬁt model with Rss = 1.45 RM and
a = 0.5 have zero mean and a Gaussian distribution and
show no systematic variation with XMSO. Also, the RMS
misﬁt (~590 km) for the best ﬁt Shue et al. model is a factor
of 1.5 lower than that of the best-ﬁt paraboloid model
(which was ﬁt only to the dayside data), and thus, we use
only the Shue et al. curve to model the magnetopause for
the remainder of this discussion.
3.1.2. Bow Shock
[23] To characterize the shape of the bow shock, the mid-
points of the bow shock crossings were modeled by a conic
section given by Slavin et al. [2009]:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
X  X0ð Þ2 þ r2
q
¼ pe
1þ e  cosθ (3)
where the focus of the conic section lies at X0 along the
line through the planetary dipole that parallels the X axis at
X0. The focus point X0, the eccentricity e, and the focal
parameter p (which together with the eccentricity gives the
semi-latus rectum L= pe) are determined by a grid search
method that minimizes the RMS misﬁt. The best-ﬁt
parameters to the bow shock midpoints are given by
X0 = 0.5 RM, e = 1.04, and p = 2.75 RM (Figure 5). As men-
tioned above, bow shock identiﬁcation is difﬁcult for paral-
lel bow shock conditions, and the outliers in bow shock
locations are due to the conservative outer limits chosen
for crossings during these conditions. Our best-ﬁt model
has an RMS misﬁt of ~1100 km between model boundary
and bow shock position. The extrapolated nose distance for
this best-ﬁt model is 1.90 RM, which yields an approximate
magnetosheath thickness of 0.45 RM from our midpoint
magnetopause and bow shock ﬁts. This magnetosheath
thickness is comparable to that predicted at Mercury
by magnetohydrodynamic and hybrid models [e.g., Benna
et al., 2010; Müller et al., 2012].
3.2. Probabilistic Fits
[24] We also examined the magnetopause and bow shock
positions in a probabilistic manner, by means of a method
employed at Jupiter by Joy et al. [2002]. As described in
section 2, for each crossing we identiﬁed an extended
region in space within which the magnetopause or bow
shock crossings occurred. The inner and outer limits of the
boundaries that we identiﬁed span the portion of the space-
craft trajectory over which boundary encounters occurred
during each pass. The data set therefore reﬂects locations
where encounters with the magnetopause and bow shock
boundary were probable, and so we used the crossing data
to build a probability density map of these boundaries
around the planet. The spacecraft trajectories between each
inner and outer crossing limit were registered on spatial
grids around the planet, and the number of crossings passing
through each grid cell was used to build a probability density
map of the region of space in which the magnetopause and
bow shock are most likely to be encountered.
[25] We divided space around the planet into grid cells as
follows. For the magnetopause, we adopted a spherical
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Figure 5. Midpoints between the inner and outer bow shock
crossing positions. Error bars show the distance between the
inner and outer crossings. Curves show the best-ﬁt conic
section to the data (red) and models from previous studies by
Slavin et al. [2009] (blue) and Russell [1977] (green).
Parameters for the best-ﬁt model to the bow shock midpoints
are p=2.75 RM, e=1.04, and X0 = 0.5 RM.
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Figure 4. RMS misﬁt between the midpoints of the magne-
topause crossings and the Shue et al. model, as a function of
the subsolar standoff distance Rss and the ﬂaring parameter a.
WINSLOW ET AL.: MERCURY’S MAGNETOPAUSE AND BOW SHOCK
2219
coordinate system on the dayside and a cylindrical system
on the nightside to match approximately the shape of the
boundary. The dayside was split into cells in rMP, θMP, and
fMP, where rMP = √(X2 + r2) is the distance from the dipole
center, θMP = cos
1(X/rMP) is the angle measured from the
axis of revolution, and fMP is the azimuth about the axis
of revolution deﬁned as tan1 [Y/(Z – Zd)]. Grid cells were
spaced every 50 km, 10, and 30 in rMP, θMP, and fMP,
respectively. The nightside was divided into grid
cells spaced every 50 km, 680 km, and 30 in r, X, and
fMP, respectively. Because the bow shock nightside data
were not well matched by a cylindrical shape, we used the
spherical coordinate system, rSK, θSK, fSK, but with an
origin on the axis of revolution at X=4 RM for all of
the bow shock crossings. That is, rSK = √((X+ 4RM)2 + r2),
θSK = cos
1[(X+ 4RM)/rSK], and fSK =fMP. The bow shock
bins were 50 km, 5, and 30 in rSK, θSK, and fSK,
respectively. These coordinates are used only to bin the data,
and all results are shown in r-X space.
[26] We evaluated the frequency with which the spacecraft
trajectory between the inner and outer magnetopause
(or bow shock) crossings passed through each bin. That is,
for each orbit, each grid cell received a “hit” for every 1 s
measurement point in that bin between the inner and outer
limit of the magnetopause (or bow shock). The hits were
summed in each cell over all orbits for the magnetopause
and bow shock boundaries separately. The cells with the
highest number of hits had the highest likelihood of falling
between the inner and outer boundary limits. Probabilities
were evaluated by dividing the number of counts in each
cell by the sum of all the hits in all cells along a predeﬁned
direction (e.g., along each X bin on the nightside and along
each θ bin on the dayside for the magnetopause). The
normalization choice reﬂects the 100% probability that the
boundary occurs at some X or θ position. This procedure
resulted in three-dimensional (3-D) probability density maps
of both the magnetopause and bow shock around the planet.
For the analyses that follow, we assumed that both the
bow shock and magnetopause are ﬁgures of revolution. We
used a two-dimensional (2-D) probability distribution in
the r-X plane generated by summing the hits in bins with
the same r and θ (dayside) or r and X (nightside), over all
f bins and then normalizing by the total number of counts
along r (or r) at each θ (or X). The assumption of a ﬁgure
of revolution for each boundary was tested quantitatively
(see section 5).
[27] The 2-D probability density map (Figure 6) for the
magnetopause shows that this boundary has a maximum
probability of occurrence that lies within a narrow band on
the dayside and within a more extended region on the night-
side. We ﬁt Shue et al. models to this probabilistic boundary
by performing a weighted ﬁt to the grid cell locations in r-X
space, such that each cell location was weighted by its prob-
ability. The best-ﬁt curve yielded the same model parameters
as the ﬁt to the magnetopause midpoints (Table 1), but with
a lower RMS misﬁt of ~96 km that reﬂects the use of the
probabilities as weights.
[28] The bow shock probability density map (Figure 7)
shows a more extended spread in the boundary locations
than that for the magnetopause, in particular on the night-
side, where the highest-probability regions occur at large r
values. This spread is the result of outlier crossings
(Figure 5), most of which occurred during parallel shock
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Figure 6. Probability density map of aberrated magneto-
pause positions. The white space represents regions where
the magnetopause is never observed, the blue regions
where it is very rarely observed, and the dark red regions
where it is observed most often. The red line represents
the Shue et al. model that best ﬁts the probability densities,
with Rss = 1.45 RM and a = 0.5. The probabilities sum to 1
along each X bin on the nightside and along each θ bin on
the dayside.
Table 1. Summary of the Best-Fit Shue et al. Model Parameters to the Magnetopause Crossing Points Under Different Ram Pressure
Conditions for a Fixed a Value of 0.50.
Midpoint Fit Probabilistic Fit
Rss (RM) a RMS Residual (km) Rss (RM) a RMS Residual (km)
All PRam 1.45 0.50 587 1.45 0.50 96
PRam corrected – – – 1.45 0.50 94
<PRam>= 8.8 nPa
a – – – 1.55 0.50 96
<PRam>= 11.5 nPa – – – 1.5 0.50 106
<PRam>= 15.2 nPa – – – 1.45 0.50 155
<PRam>= 18.8 nPa – – – 1.4 0.50 120
<PRam>= 21.6 nPa – – – 1.35 0.50 115
aBrackets denote mean value within each ram pressure bin.
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conditions. A conic ﬁt to the grid cell locations weighted by
the probabilities yields slightly different model parameters
than our midpoint ﬁt. The least sensitive of the model
parameters in our ﬁts was the focus location, X0: varying this
parameter from 0.7 RM to 0.7 RM changed the RMS misﬁt
by only a few percent. Due to the covariance between the
parameters, this variation in X0 was accompanied by large
changes in p and e, and the bow shock shape varied from
an ellipse to an open hyperbola, but the RMS misﬁt changed
only by a few percent. We thus ﬁxed the focus location to
X0 = 0.5 RM in order to establish best-ﬁt p and e values that
yielded bow shock shapes as close to hyperboloids as pos-
sible. The ﬁt parameters to the bow shock were then given
by X0 = 0.5 RM, e= 0.99, and p= 3.2 RM, with a weighted
RMS misﬁt of ~187 km (Table 2). With these parameters,
the bow shock nose distance is extrapolated to be 2.09 RM,
which gives a magnetosheath width of 0.64 RM from
the probabilistic analysis. The shock distance from the
dipole-Sun line in the Y-Z plane is given by 3.83 RM at X=0
and by 6.35 RM at X=4 RM.
4. Response of Boundaries to Solar Wind Forcing
4.1. Magnetopause
[29] The magnetopause shape and location are expected
to vary with solar wind and IMF conditions [e.g., Fairﬁeld,
1995; Shue et al., 2000]. Figure 8 shows the solar
wind statistics at Mercury at the time of the bow shock
crossings, obtained from averages of MESSENGER MAG
observations of the IMF and from ENLIL model predictions
of the solar wind density, speed, ram pressure, and Alfvén
Mach number [Odstrcil, 2003; Baker et al., 2013]. We
assumed that these statistics held at the times of both the
magnetopause and bow shock crossings on a given orbit
and used them to examine the response of the boundaries
to the IMF and solar wind.
[30] The magnetopause boundary is observed to be closer
to the planet during times of increased ram pressure and
farther out during times of low ram pressures (Figure 9).
Baker et al. [2013] showed that solar wind ram pressure
values from the ENLIL model order and organize the
magnetopause standoff distance. This behavior is expected,
because the magnetic pressure of the planet’s magnetosphere
and the solar wind dynamic pressure are the two largest
contributors to the pressure balance that deﬁnes the magne-
topause boundary. The ram pressure effect is the dominant
factor inﬂuencing the magnetopause, because any IMF
effects, if present, were not readily apparent in the raw data.
We thus investigated any possible effect of the IMF direc-
tion on the magnetopause after removing the dependence
on PRam.
[31] We assessed changes in the magnetopause shape and
position under different ram pressure conditions. We binned
the magnetopause crossing data into ﬁve PRam bins, such
that each PRam bin contained one ﬁfth of the range of PRam
values represented in the data. Thus, the PRam bins did not
contain equal numbers of data points, but the range of PRam
values was the same in each bin. We built 2-D probability
density maps for each PRam bin and conducted ﬁts of the
two-parameter Shue et al. model to these separately. The
largest uncertainty in the best-ﬁt model shape is most likely
associated with the highest ram pressure bin, which includes
the more extreme solar events that may not be properly
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Figure 7. Probability density map of the aberrated bow
shock crossings. The red line represents the best-ﬁt conic
section to the probability densities, with p=3.2 RM, e=0.99,
and X0 = 0.5 RM. The probabilities sum to 1 along each X bin
on the nightside and along each θ bin on the dayside.
Table 2. Summary of the Best-Fit Conic Section Parameters to the Bow Shock Crossings Under Different Mach Number Conditions
Midpoint Fita Probabilistic Fita,b
X0 (RM) p (RM) « RMS
Misﬁt (km)
Subsolar
Distance (RM)
X0 (RM) p (RM) « RMS
Residual (km)
Subsolar
Distance (RM)
All MA 0.5 2.75 1.04 1115 1.90 0.5 3.20 0.99 187 2.09
MA corrected – – – – – 0.5 2.90 1.02 149 1.96
<MA>= 4.12
c – – – – – 0.5 3.55 1.02 241 2.29
<MA>= 6.32 – – – – – 0.5 2.95 1.02 195 1.99
<MA>= 11.8 – – – – – 0.5 2.75 1.02 162 1.89
Low cone angle (θ< 45) – – – – – 0.5 3.10 0.99 169 2.04
High cone angle (θ> 45) – – – – – 0.5 2.95 0.99 157 1.97
aIn the ﬁts, X0 was ﬁxed at a value of 0.5 RM (see text).
bIn the ﬁts to the three differentMA bins, p was the only parameter varied, and e was ﬁxed at the mean value between the best-ﬁt probabilistic and best-ﬁt
midpoint result (see text).
cBrackets denote mean MA value within each Mach number bin.
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captured by the ENLIL model. The Rss and a values for
the best-ﬁt curves for each of the ram pressure bins are
plotted in Figure 10. With the exception of the highest
PRam bin, the Rss parameter decreases overall with PRam;
in contrast, a shows no systematic variation with PRam.
Thus, we ﬁrst removed the dominant Rss versus PRam var-
iation from the data and normalized the magnetopause
crossings by the ram pressure. To do this, we estimated
only the Rss parameter for the data in each of the ﬁve PRam
bins while keeping a ﬁxed at its average best-ﬁt value of 0.5
(i.e., a ﬁxed magnetopause shape). We checked that the
best-ﬁt models for the ﬁxed-a ﬁts in all the ﬁve PRam bins
yielded residuals that had Gaussian distributions with a
nearly zero mean. The Rss values for the best-ﬁt curves for
each of these ram pressure bins are plotted in Figure 11
and given in Table 1. These were ﬁt by a power law given
by Rss = (2.15 0.10) PRam[(1/6.75) 0.024], where Rss is in units
of RM and PRam in nPa and the uncertainties are the 95%
conﬁdence limits on the exponent and the coefﬁcient
obtained from the ﬁtting procedure. The magnitude of the
exponent is only slightly less than the 1/6 dependence of
Rss on PRam expected for a simple pressure balance between
the internal dipole magnetic ﬁeld pressure (and small inter-
nal plasma pressure) and solar wind dynamic pressure. This
result suggests that the effects of induction in Mercury’s
conductive interior, which “stiffens” the dayside magneto-
sphere against changes in solar wind pressure [Seuss and
Goldstein, 1979; Goldstein et al., 1981; Grosser et al.,
2004; Glassmeier et al., 2007], may be present, but if so
it is a secondary effect, at least at the altitudes over which
MESSENGER samples the magnetopause. A detailed study
of induction signatures is beyond the scope of this paper.
Reﬁnement of the power law above will require both
additional observations and assessment of uncertainties in
the ENLIL model predictions.
[32] The power law relationship above indicates that a ram
pressure of 175 nPa would collapse the magnetopause to the
planet’s surface. We note that the minimum and maximum
pressures consistent with the uncertainties in our power
law ﬁt span a wide range from 65 and 692 nPa. In the
simulations conducted by Kabin et al. [2000], a ram pressure
of 147 nPa was found to collapse the magnetopause to the
surface, which is within our uncertainty range. Using a
1/6 power law (i.e., the relation expected in the absence
of induction) relative to the mean observed Rss of 1.45 RM
yields a lower pressure for the collapse of the magnetosphere
of 133 nPa, well within the range of uncertainty of our
power law expression.
[33] With the derived power law relationship, we normal-
ized our magnetopause crossings as follows. From the
ENLIL data, we found the corresponding PRam value for
the inbound and outbound portion of each orbit, and from
those values we established an associated Rss value for each
orbit from the power law ﬁt to our PRam-binned data. The
ram-pressure-independent magnetopause crossing locations
were then determined by multiplying the X, Y, and (Z – Zd)
values by the mean Rss for all crossings (i.e., Rss = 1.45
RM) divided by the Rss value associated with each observa-
tion point. Figure 12 shows the probability density map of
the magnetopause after the solar wind ram pressure depen-
dence was removed. The PRam-independent magnetopause
location is better constrained than the uncorrected locations
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Figure 9. Midpoints of the magnetopause crossings color
coded by solar wind ram pressure. The solid black line through
these data points is the best-ﬁt Shue et al. model. During times
of high solar wind ram pressure, the magnetopause is observed
to move closer to the planet, as expected.
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Figure 8. Solar wind statistics at the times of the bow
shock crossings obtained from ENLIL model predictions
of the solar wind and from averages of MESSENGER
MAG observations in the interplanetary medium for the
IMF. Histograms of (a) solar wind number density (cm-3),
(b) solar wind speed (km s-1), (c) solar wind ram pressure
(nPa), and (d) solar wind Alfvén Mach number. In Figure 8d,
15 observations with Mach numbers> 20 are not shown;
these numbers reach a maximum value of 69.0.
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(Figure 6), especially on the dayside, where the zones of high-
probability regions lie in a narrow band. Although the model
that best ﬁts these data is still described by the same param-
eters as the PRam-uncorrected magnetopause (see Table 1),
the RMS residual is lower than for the PRam-uncorrected
crossings, with a value of ~94 km. A statistical F test
shows that at the 91% signiﬁcance level the variance of
the PRam-corrected magnetopause model is lower than the
variance of the PRam-uncorrected magnetopause model.
[34] After removing the ﬁrst-order variation of the
magnetopause position with ram pressure, we binned the
data again into the same PRam bins as above, ﬁxed Rss to
the best-ﬁt PRam-corrected value of 1.45 RM and left a to
vary in Shue et al. model ﬁts to these bins to test the
inﬂuence of ram pressure on the ﬂaring of the magneto-
pause. Unlike the situation at Earth, there is no increase in
ﬂaring of the magnetopause with increased ram pressure.
This result is expected if the magnetospheric currents and
the ratio of the static solar wind pressure to the dynamic
pressure remain constant [Coroniti and Kennel, 1972].
[35] We then assessed whether the IMF direction affects
the magnetopause shape after the ram pressure dependence
was removed. Since the MESSENGER IMF averages 1 h
upstream of the bow shock are not ideal for evaluating
IMF BZ affects on the magnetosphere [Winslow et al.,
2012], we used the magnetic shear angle across the magne-
topause to search for any overall dependence on magnetic
reconnection. The magnetic shear was calculated by taking
the dot product of the magnetic ﬁeld unit vector 1min inside
the inner edge of the magnetopause crossing and the unit
vector 1min outside the outer edge of the magnetopause
crossing. Figure 13 shows the distribution of magnetic
shear angles across the magnetopause. The magnetic shear
angle distribution is peaked at ~90, reﬂecting the mainly
antisunward or sunward IMF at Mercury and the dominantly
northward planetary ﬁeld on the dayside. The number of
events for low shear (below ~45) and high shear (above
~135) angles are quite low and do not provide sufﬁcient
cases to evaluate magnetopause shape ﬁts under these con-
trasting conditions. We note that our average magnetopause
boundary corresponds to substantial magnetic shear condi-
tions, so some inﬂuence of reconnection is likely reﬂected
in our time-averaged descriptions of the magnetopause
shape and size.
4.2. Bow Shock
[36] We used ENLIL model data as well as MESSENGER
IMF averages to assess how the bow shock is affected
by solar wind and IMF conditions. To ﬁrst order, the solar
wind Alfvén Mach number is the dominant factor affecting
the bow shock; the shock is closer to the planet during high
MA than during low MA (Figure 14). This result is expected
and in agreement with gas dynamic and magnetohydrody-
namic simulations [Spreiter and Stahara, 1985; Benna
et al., 2010; Müller et al., 2012]. As MA increases, the jump
of the plasma ﬂow speed transverse to the shock surface
also increases, corresponding to higher plasma ﬂow
speed around the magnetopause that results in a thinner
magnetosheath [Spreiter and Stahara, 1980]. At greater
downstream distances, the bow shock weakens as it asymp-
totically approaches its Mach cone [Slavin et al., 1984;
Verigin et al., 2003b]. Although MESSENGER does not
sample the bow shock at large downstream distances, an
enhanced ﬂaring of this surface with decreasing Mach
number may be present (Figure 14).
[37] To establish the bow shock position normalized by
Alfvén Mach number, we adopted a procedure to remove
the Mach number dependence similar to that applied to the
magnetopause to remove the dependence on ram pressure.
We binned the bow shock crossings into three MA bins
and ﬁt separate conic sections to each. To have sufﬁcient
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Figure 10. (a) Magnetopause subsolar standoff distance Rss
plotted as a function of solar wind ram pressure when both
parameters were allowed to vary in the Shue et al. model ﬁts.
The blue stars represent Rss values established from best-ﬁt curves
toﬁve ram-pressure data bins. (b) Flaring parameter a correspond-
ing to the Rss values in Figure 10a for the best-ﬁt Shue et al.
curves, plotted as a function of solar wind ram pressure.
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Figure 11. Magnetopause subsolar standoff distance, Rss,
plotted as a function of solar wind ram pressure for ﬁts
when the ﬂaring parameter was kept ﬁxed at a value of
0.5. The blue stars represent Rss values established from
best-ﬁt curves to ﬁve ram pressure data bins, and the red
curve is a power law ﬁt to these values with an exponent
of 0.148 0.024.
WINSLOW ET AL.: MERCURY’S MAGNETOPAUSE AND BOW SHOCK
2223
data points in each MA bin to perform model ﬁts (see
Figure 8d), the low-MA bin was assigned MA< 5, the
medium-MA bin had values in the range 5<MA< 8, and
the high-MA bin had values ofMA> 8 (see Table 2 for mean
values of MA in each bin). Fits in which all three bow shock
parameters were varied revealed large trade-offs among
the three model parameters, in a manner similar to the
magnetopause ﬁts. However, through these ﬁts we were able
to establish that the parameter most systematically affected
by MA is the focal parameter p, which steadily decreased
with increasing MA. The other two parameters did not show
any systematic behavior withMA. Thus, in order to normalize
our bow shock boundary by MA and look for higher-
order dependencies in the data, we assumed that the bow
shock shape does not change (by keeping X0 and e ﬁxed at
their average values) and ﬁt separate conic sections to the
bow shock crossings in the threeMA bins. We again checked
that these ﬁxed-shape ﬁts still yielded residuals with zero
means and nearly Gaussian distributions. In our ﬁts, the
low-MA bin had the highest RMS misﬁt, and the high-MA
bin had the lowest RMS misﬁt for all the ﬁts conducted
(Table 2), consistent with most of the spread in the bow
shock location occurring during low MA (Figure 14). From
the ﬁts of conic sections to the different MA bins, we
established a power law relationship between p and MA,
given by p = (4.79 2.54) MA(0.230.17), where the
uncertainties in the exponent and coefﬁcient are the 95% con-
ﬁdence limits determined from the ﬁtting procedure. We
scaled the bow shock crossing positions by p0/pi, where
p0 is the mean p value obtained from averaging the p values
from the midpoint and probabilistic ﬁt (Table 2), and pi is
the p parameter for the ith crossing point determined from
the power law relationship above. The resulting probability
density map for the MA-corrected bow shock positions
(Figure 15) shows a decrease in the spread of the bow shock
locations, as well as a marked decrease in the distance
between the high-probability regions on the nightside and
the best-ﬁt model boundary. The best-ﬁt model boundary
to the MA-independent bow shock crossings has a p param-
eter of 2.9 RM, an eccentricity of 1.02, a focus point of
X0 = 0.5, and a minimum RMS misﬁt ~20% less than that
for the ﬁt shown in Figure 7.
[38] We also assessed the inﬂuence ofMA on the ﬂaring of
the bow shock after removing the ﬁrst-order dependence of
the bow shock position on the Mach number. By allowing
e to vary (and ﬁxing X0 = 0.5 and p = 2.9 RM) in our conic
sections ﬁt to the differentMA bins, we found no statistically
signiﬁcant variation of e with MA. For the sake of complete-
ness, we also conducted similar tests at a variety of other X0
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Figure 12. Probability density map of the aberrated
magnetopause crossings after the crossing positions were
normalized by solar wind ram pressure. The best-ﬁt Shue
et al. model (red curve) yields the same Rss and a values as
before (Figure 6), but the spread in the data has decreased
somewhat on the dayside, and the regions of highest proba-
bility are more spatially constrained.
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Figure 13. Histograms of (a) the magnetic shear angle
across the magnetopause and (b) the IMF cone angle, calcu-
lated from MESSENGER magnetic ﬁeld data.
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Figure 14. Midpoints of the bow shock crossings
color coded by solar wind Alfvén Mach number. The solid
black line through the data is the conic section best ﬁt to
the midpoints.
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values, which yielded similar results. We conclude that
variation in bow shock ﬂaring with MA is masked by the
high variability of the crossing locations. More bow shock
crossings are needed at high MA values to establish whether
e varies systematically with MA at Mercury.
[39] The IMF cone angle is also expected to affect the
bow shock, as the shock is anticipated to ﬂare during
quasi-parallel shock conditions [Greenstadt, 1991]. We
evaluated whether any dependence on IMF cone angle is
observed in the bow shock location or shape after the
Mach number dependence was removed. The IMF cone angle
is given by θ ¼ cos1 BXj jBTotal
 
, and its distribution is shown in
Figure 13. By dividing the data into bins of low (θ< 45) cone
angle and high (θ> 45) cone angle, we found that there is no
resolvable difference between conic section ﬁts to the bow
shock locations separated by cone angle (Table 2). The shock
is more spatially spread out for the low-cone-angle bin, an
expected result because a low cone angle signiﬁes parallel
shock conditions. The ﬂaring of the bow shock does not
appear to be affected by IMF cone angle.
5. Discussion
[40] The observations of Mercury’s magnetopause and
bow shock presented here indicate that these boundaries
are variable and dynamic. At Mercury, the solar wind ram
pressure and the Alfvén Mach number are the two dominant
external inﬂuences on the boundaries. The magnetopause is
observed to move planetward during high PRam, and
similarly the bow shock moves planetward during times of
high MA. Unlike at Earth, increased PRam does not increase
the ﬂaring of the magnetopause; the shape of the boundary
is unchanged under variations in solar wind ram pressure.
In a like manner, MA does not appear to inﬂuence the ﬂaring
of the bow shock at Mercury despite the fact that at Earth the
shock is more ﬂared during times of low MA.
[41] An important result is that the average magnetopause
becomes cylindrical at relatively small downstream
distances of only ~2–3 RM (Figure 3). At Earth, in contrast,
the magnetotail does not cease ﬂaring until a downstream
distance of ~100 RE [Slavin et al., 1983b]. Expressed in
terms of subsolar magnetopause standoff distances, the
downstream ﬂaring of Mercury’s tail ceases by ~2 Rss
whereas at Earth this effect is not seen until ~10 Rss. The
factors determining the location where tail ﬂaring ceases
are not well understood, but the position likely corresponds
to the distance at which the plasma sheet is disconnected
from the planet as a result of reconnection, and plasma
ﬂow in the tail is all antisunward. At Earth this position
occurs at about 100 RE [Zwickl et al., 1984], whereas for
Mercury Slavin et al. [2012a] estimated a downstream
distance of ~3 RM from MESSENGER ﬂyby observations
of reconnection in the tail. Mercury’s magnetopause is well
ﬁt by the Shue et al. model with a = 0.5, which deﬁnes the
transition from an open (a> 0.5) to a closed (a< 0.5)
magnetospheric cavity on the nightside. From the best-ﬁt
Shue et al. model for the ram-pressure-corrected magneto-
pause we ﬁnd that the magnetotail is on average nearly
cylindrical with a radius of 2.05 RM at the dawn-dusk
terminator and 2.77 RM at a distance of 4 RM down the tail.
In comparison, Earth’s magnetopause is more ﬂared, with
the data ﬁt well by Shue et al. models that have a> 0.5
[Shue et al., 1997].
[42] The analysis of the magnetopause and bow
shock boundaries in r-X space was based on the assumption
of rotational symmetry about the dipole-Sun line. We tested
whether this assumption was justiﬁed both qualitatively and
quantitatively. First, the boundary crossings plotted in X-Y
and X-(Z – Zd) space did not reveal systematic differences.
The ram pressure and Mach number are not observed to
cause any asymmetries in the shape, as the boundary cross-
ings corrected for PRam and MA have similar shapes to the
uncorrected crossings in X-Y and X-(Z – Zd) space. These
comparisons indicate that variations from rotational symme-
try can be treated as a perturbation to the ﬁgures of revolu-
tion. We then assessed the degree to which systematic
deviations from ﬁgures of revolution are present. From the
corrected crossing locations, we evaluated the best-ﬁt
models for both boundaries, and we calculated the perpen-
dicular distances of each crossing from the model bound-
aries as a function of the azimuthal angle, i.e., fMP or fSK.
If either the magnetopause or bow shock were ﬂattened
or elongated in the north-south direction, such an effect
would be evident as a sinusoidal variation in fMP or fSK,
respectively, relative to the mean boundary at a period of
180, i.e., two cycles. We did not observe any systematic
departures from ﬁgures of revolution for either the magneto-
pause or the bow shock. By binning the deviations into 2
bins in fMP or fSK and ﬁtting a sinusoid to these binned
deviations, we ﬁnd maximum sine wave amplitudes of 62
and 3 km for the magnetopause and bow shock, respectively.
These sine wave amplitudes are more than an order of
magnitude smaller than the variability in the deviations of
the two boundaries about the models. We conclude that,
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Figure 15. Probability density map of the aberrated bow
shock crossings after removing the dependence on Alfvén
Mach number. The red line represents the best-ﬁt conic
section to the probability densities, with p= 2.9 RM,
e = 1.02, and X0 = 0.5 RM. The normalized bow shock is
more spatially constrained, in a manner similar to that for
the magnetopause normalized by ram pressure.
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to ﬁrst order, the boundaries are ﬁgures of revolution.
The scatter relative to the mean is high, however, implying
that dynamic variability in Mercury’s magnetosphere and
bow shock are large and that second-order structure could be
present but masked by the large dynamic variability. It is thus
possible that instantaneously these boundaries are not ﬁgures
of revolution. However, on average, the departures from ﬁg-
ures of revolution are small compared with the dynamics in
the system. Because of the high variability of the crossing lo-
cations analyzed so far, we cannot yet resolve any average
asymmetries in the boundary shapes. At Earth, the maximum
departure from a ﬁgure of revolution at high latitudes is
~1 RE [Lu et al., 2011], which corresponds to ~0.1 Rss
(subsolar standoff distance is ~10 RE). In comparison, an
equivalent 0.1 Rss departure is only ~350 km at Mercury,
which would be a sufﬁciently small departure to be easily
masked by the variability in the available data. Such sig-
natures may be resolved with additional observations.
6. Conclusions
[43] We have established Mercury’s time-averaged
magnetopause and bow shock location and shape from
MESSENGER Magnetometer data obtained during
3 Mercury years in orbit. We ﬁnd that the magnetopause
is well described by a Shue et al. model parameterized by a
subsolar standoff distance of 1.45 RM and a ﬂaring parameter
of a = 0.5. The solar wind ram pressure exerts a primary con-
trol on magnetopause location; the boundary moves closer to
the planet under higher PRam (giving a subsolar distance of
1.35 RM for a mean PRam of 21.6 nPa) and farther away from
the planet under lower PRam (with an Rss of 1.55 RM for a
mean PRam of 8.8 nPa), while leaving the shape unchanged
(Table 1). The paraboloid model of Belenkaya et al. [2005]
provides a substantially worse overall ﬁt to the magnetopause
crossings than the Shue et al. model, reﬂecting the absence
of evidence for substantial ﬂaring from observations on the
nightside. This comparison suggests that future improve-
ments in global models for Mercury’s magnetosphere should
use a ram-pressure-corrected Shue et al. model magnetopause.
The observed low ﬂaring of the magnetotail may imply that
magnetic ﬂux has a short residence time in the tail on average.
This short residence time of the tail ﬂux could also imply
that return convection of ﬂux from the tail to the dayside
proceeds rapidly.
[44] The shape of Mercury’s bow shock corrected
for Alfvén Mach number is that of a hyperboloid given by
the parameters X0 = 0.5 RM, p = 2.9 RM, and e= 1.02 and a
subsolar standoff distance of 1.96 RM. The bow shock shape
does not appear to vary with Alfvén Mach number, as there
is no change in ﬂaring. This is an unexpected result, since
Earth’s bow shock is observed to ﬂare with decreasing
Alfvén Mach number. At Mercury, the bow shock moves
closer to the planet for high MA and farther out for low MA;
the extrapolated nose distance of the shock is at 1.89 RM
for a mean MA of 11.8 and at 2.29 RM for a mean MA of
4.12 (Table 2). Both the magnetopause and bow shock
boundaries are ﬁgures of revolution to ﬁrst order, but the
variability about the mean is large. With the current data
available, we do not resolve effects of IMF orientation on
the magnetopause or the bow shock. As more data are
acquired by MESSENGER under a wider range of external
conditions, effects of IMF on the magnetopause or bow
shock should be more readily discernible.
[45] The variation of the bow shock and magnetopause
location with dynamics is large at Mercury, and understand-
ing the processes that these dynamics reﬂect is a key area of
future study. The derivation of the average boundaries
presented here provides a baseline with which to evaluate
excursions of the system from its average state. Extensive
progress has already been made in understanding boundary
waves [Boardsen et al., 2010; Sundberg et al., 2012] and
reconnection at Mercury [Slavin et al., 2012a, 2012b;
DiBraccio et al., 2013]. Extending that work to better under-
stand those aspects of global magnetospheric dynamics that
could lead to the large variations in boundary locations is a
fruitful area of inquiry.
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